A "training" procedure was applied prior to gating experiments to avoid hysteresis behaviour in sheet resistance R s as a function of back-gate voltage V g [1, 2]: V g was firstly swept from 0 V to the maximum positive voltage, +300 V. After the "training" step, as shown in Fig. S1 , a reversible R s vs. V g behaviour can be observed. The curve was taken at 650 mK. We can see that for negative V g (depletion regime), the change in R s is not dramatic, as compared to the LAO-STO interface.
ing carriers from the n-th sub-band generated by the quantum confinement of the bulk band ↵ are calculated. The indexed parameters used in the calculations are listed in Table S1 . 
Energy levels of di↵erent sub-bands
A triangular potential well V (z) that corresponds to a constant electric field in STO is taken as a starting point. The energy levels E ↵ n for each band ↵ in the well can be calculated using the two Eqs. ES1 and ES2:
where Eq. ES1 is the Schrödinger equation. The solution of this equation ✏ ↵ n can be used to calculate the energy levels. Furthermore, the Fermi energy E F can be determined by Eq. ES3 setting the total sheet carrier density equal to n 2D . This input value is 0.5 and 0.25 e /u.c. for LAO/STO and LASTO:0.5/STO interfaces, respectively.
with ⇥ the heaviside function. With this information the charge density ⇢ 3D is calculated using Eq. ES4:
and is used in the Poisson equation (ES5) to compute a new potential well that fits the charge distribution profile.
This potential well V (z) will then be re-injected into Eq. ES1. Multiple iterations are performed until a defined convergence criterion is satisfied (see Ref.
[3] for details). As a result, the potential well is directly related to the sheet carrier density n 2D . We also note that, in Eq. ES5 enters the electric field dependence of the STO dielectric constant, ✏ STO (E), which we discuss below. The temperature dependence of the dielectric constant of STO single crystal (0.5 mm thick), ✏ STO , was measured and is shown in Fig. S2 . Same as reported [4, 5] , STO shows behaviour of an incipient ferroelectric as ✏ STO increases dramatically upon cooling, especially at low temperatures and plateaus at ⇠ 10 4 when approaching to 0 K. This remarkable enhancement of ✏ STO a↵ects the confining potential at conducting oxide interfaces. The electric field dependence of ✏ STO is shown in Fig. S3 . As discussed in the main text, the static ✏ STO (⇠ 250) calculated by DFT corresponds to a room temperature low field value. The field dependence, ✏ STO (E), in this case, follows Eq. 3 shown in the main text and the calculation by Stengel [6] . ✏ STO (E) at low temperature has been experimentally measured (blue open circles in Fig. S3 ). A fit to the data gives ✏ STO (E) for the whole field range at low temperature, which also takes a similar form (Eq. 3 in the main text).
Confining potential
A large discrepancy in characteristic thickness and charge distribution for LASTO:0.5/STO and LAO/STO interfaces using low temperature ✏ STO (E) has been il- lustrated in Fig. 3b in the main text. We plot here the corresponding confining potential profiles for both interfaces (0.25 e /u.c. and 0.5 e /u.c.). From the results we can see that the e↵ect of charge de-confinement mostly become dramatic at the top of the confining well.
This indicates that it is a small portion (compared to the total amount) of the transferred charges, which populates bands close to Fermi energy, that contributes to the large di↵erence in 2DEL thickness.
E↵ective mass
To examine the e↵ect of the e↵ective mass m ⇤ on the P-S modeling results, we performed the P-S calculation using a renormalized m ⇤ (by a factor of 3.5, as compared to m ⇤ obtained from DFT), which can originate from polaronic e↵ect [7, 8] . The resulted charge distributions n 3D (z) using both "room-temperature" and "low-temperature" ✏ STO (E) are plotted in 
DFT Calculations
In this work, we study o↵-stoichiometric superlattices of (STO) m /(LAO) 2 and (STO) m /(LASTO:0.5) 2 , for full-compensated interfaces. In contrast to previous DFT stud-ies, we do not explicitly remove charges from the interface; instead, the charge density is directly tuned through the composition of LASTO:x. The geometry of the studied systems is illustrated in Fig. S6 , with m = 12 for clarity. We compute the structural and electronic electron charge cannot relax further beyond the boundary that is set by the size of the supercell (the boundary is indicated as the vertical dashed line); iii) finally, substituting LAO with LASTO:0.5 decreases the n 3D at the interface, but electrons extend further, as illustrated in Fig. S9c . The crossing of the two curves occurs at 4.25 nm from the middle of the superlattice.
Despite the di↵erent sizes of STO in the superlattices, the n 3D never properly reaches 0. For m = 30, the minimum density (in (STO) 30 /(LAO) 2 ) in the STO sublattice is 4.3 ⇥ 10 19 cm 3 . For m = 12 or 22, the de-confinement of the electrons far from the interface cannot be resolved. Hence, the results for m = 30 suggest that, if a STO with larger size is implemented in the calculation, we should observe a stronger de-confinement of the electrons from the interface for LASTO:0.5/STO system.
The confining potential in STO depends on the density of the total transferred charges. This is illustrated in Fig. S10 , in which the electrostatic potential is plotted for both (STO) 30 /(LAO) 2 and (STO) 30 /(LASTO:0.5) 2 interfaces. The electric field in STO decreases moving from charge density of 0.5 to 0.25 e/a 2 . The confinement of the transferred electrons is therefore also reduced.
To have a complete grasp on the occupation of the di↵erent Ti 3d orbitals, we list in Table S2 the [3] Fête, A. Magnetotransport experiments at the LaAlO 3 /SrTiO 3 interface. Ph.D. thesis, Univer-
